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Abstract

In this paper, some open two-point Newton-Cotes type integral inequalities for functions whose first deriva-
tives are convex via Riemann-Liouville fractional integrals are established. Our finding generalize some
already known results. In order to illustrate the efficiency of our main results, some applications are given.
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1. Introduction
Let I be a real interval

Definition 1.1. [2I] A function f: I — R is said to be convex, if

flte+(1—t)y) <tf(x)+(1-1t)f(y) (1.1)
holds for all z,y € I and all ¢ € [0, 1].

Convexity plays an important role in many fields, such as economics, finance, optimization, and game
theory.
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This concept has a close relationship in the development of the theory of inequalities, which represents an
important and powerful tool in the study of the properties of solutions of differential and integral equations
as well as in the estimation of error of integration by quadrature methods.

The fundamental inequality for convex functions is the so-called Hermite-Hadamard inequality, which
can be stated as follows: For every convex function f on the interval [a, b] with a < b, we have

b
Feg) < i [ f @) de < L0, 12

If the function f is concave, then holds in the reverse direction see [10] [11].

The large family of quadratures related to inequality is known as the n-point Newton-Cotes quadra-
ture rule see [13| [16, 17, [19]. The downside of these methods is that the error term involves a high-order
derivative and requires a lot of differentiation and computation.

In [7], Dragomir and Agarwal obtained the following closed two point Newton-Cotes type inequlities for
differentiable convex functions called trapezoid inequality or Dragomir and Agarwal type inequalities

Theorem 1.2. Let f : I° CR — R be a differentible mapping on I°,a,b € I° with a < b. If |f'| is convex
on [a,b], then the following inequality holds:

HOS@) /f du| < B2 (| (@)| + | B)]).

Theorem 1.3. Let f: I° CR — R be a differentible mapping on 1°,a,b € I° with a < b. If | f'|? is convex
on [a,b], where q,p > 1 and I% + é =1, then the following inequality holds:

1
+f(b b—a LF" (@7 (®)]? ) @
/f p+1)% ( ? ) .

In [I5], Latif and Dragomir gave the following trapezoid type inequalities for differentiable convex func-
tions

Theorem 1.4. Let f : I° CR — R be a differentible mapping on I°,a,b € I° with a < b. If |f'| is convex
on [a,b], then the following inequality holds:

b
SCEH(2) b_la/f () du

5 (I @]+l G +2[ 7 (432[ + 4|/ (<) [+ £ @)])-

Theorem 1.5. Let f: I° C R — R be a differentible mapping on 1°,a,b € I° with a < b. If | f'|? is convex
on [a,b], where ¢,p > 1 and % + % =1, then the following inequality holds:

b
SCE)H(2) b_la/f () du

a

1 1

q /3a+b /3a+bq / q q

. b<< ALY (e
16(p+1)?

<|f'< )" () ) . <|f'<“+3”> IO )) .
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Theorem 1.6. Let f: I° CR — R be a differentible mapping on 1°,a,b € I° with a < b. If | f'|? is convex
on [a,b], where p > 1, then the following inequality holds:

f(SaT%);f(%gb) _ bl/f (u) du

1 1
< b ( (If’(a>|q+2!f’(‘°"l“’)\q>q . <2wf'<3z+b>|wf'<z+b>|q>q
— 32 3 3

1 1

n (!f’(“?)\”;\f’(ﬁ“)l") an <2|f’(aﬁ%)3!q+f’(b)l‘1) ) ‘

In [9], Guessab and Schmeisser proved the following companion of Ostrowski’s inequality

Theorem 1.7. Let f : I — R satisfy the Lipschitz condition i.e.|f(u) — f(v)] < M |u— v|, then for each

T € [a, %rb] we have

[@) S aros) (a—2akb)?
/ £ dt] < ( )[ +2 ol M.

Alomari et al. [I] discussed the following general two point Newton-Cotes for differentiable convex
functions known as companion Ostrowski’s inequalities

Theorem 1.8. Let f : [a,b] C I — R be an absolutely continuous mapping on I° with a < b, such that
f' € L [a,b]. If |f'] is convez on [a,b], then for all x € [a, “E%], we have

f(a:)—l—f (a+b—x) /f

< EE (| (@)] + [ £ (0)]) + M2 (| )] | (a4 b - )]).

Theorem 1.9. Let f : [a,b] C I — R be an absolutely contmuous mappmg on I° with a < b, such that
fe L'[a,b). If |f'|? is convex function on [a,b] where ¢ > 1 with L + L =1, then for x € [a, “H’] we have

f(af)‘f‘fga"rb—a?) _ bla/f (u) du

1 1
If a)l"ﬂf @7 e |/ (atb=2)|*+[f' ()| )
< ()" (= (( )7+ (esprer))
%

(axb-20)® (1) 41 (asba)l
T 200 ( ) >

Fractional calculus is a branch of mathematical analysis whose study grows out of the classical definitions
of integral and derivative operators of non-integer order and provide an excellent tool for the description of
the memory and hereditary properties of various materials and processes.

Nowadays, fractional calculus has aroused the interest of many researchers and has become a very useful
new mathematical method and a powerful tool due to its wide field of applications in different scientific
fields such as physical and biological sciences as well as engineering sciences see [6l, [12] 22, 23].

In the last decade various improvments, extensions and generalizations of certains integral inequalities
have been obtained via different fractional integration operators see [2l, 3] 5], [8, [18], 20}, 25 26].
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Definition 1.10. [14] Let f € L'[a,b]. The Riemann-Liouville fractional integrals I, f and I f of order
a > 0 with @ > 0 are defined by

IS f(z) = F(la)/ (x—t)* ' f(t)dt, z>a
b

I f(z) = F(la)/(t—x)o‘lf(t)dt, b>a

o0
respectively, where I'(«) = { e~'t21dt, is the gamma function and I2, f(x) = I} f(z) = f(x).

By using the above definition, sarikaya et al. [24], established the analogue fractional of inequality (|1.2])

Theorem 1.11. Let f : [a,b] — R be a positive function with 0 < a < b and € L' [a,b]. If f is a convex
function on [a,b], then for a > 0 the following inequalities for fractional integrals hold:

£ 250y < Resd (12 f(b) + I f(a)) < L3O (1.3)

In the same paper the authors proved the following fractional closed two point Newton-Cotes type
inequalities for differentiable convex functions

Theorem 1.12. Let f : [a,b] — R be a differentiable mapping on (a,b) with a < b. If |f'| is convex on
[a, b], then the following inequality for fractional integrals holds:

HOLpHe) _ T (12 (0) + I f()| < gty (L= 36) (I @] + [ 0)]) -

Motivated by the above results, in this paper we first establish a new integral identity, and then we derive
some new open two-point Newton-Cotes type nequalities for fonctions whose first derivatives are convex via
Riemann-Liouville fractional integrals.

2. Main results

We start this section with the following lemma, which represents a partial result.

Lemma 2.1. Let f : [a,b] — R be a differentiable mapping on [a,b] with a < b. If f' € L [a,b], then the
following equality holds for all x € ( “H’)

1

A (a,2,0:f) = (b—a)® (;g_g)”“/taf/((1—t)a+tx)dt

0

1

a+1

a+§ j)x /1—t (L—t)z+ ) at

0
1

a+1

+ “+zf 3)3; /to‘f’ (1—t)2 +t(a+b—x))dt

0

—_

- () ““/ (L=t f (L—t)(atb—x)+tb)dt |,
0
where

A (a,,b; f) = TSGR (f (2) + f (a4 b — ) (2.1)
B0 (12 f(0) + I8 (S + Iy (5D I8, FB))
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Proof. Let
I=(x—a)* 1 — (42— :c)oz+1 I+ (24 — x)aH Iy — (z—a)*™ Iy, (2.2)
where
1
L = /taf’((l —t)a+ tz)dt,
0
1
I, = /(1—t)af’((1—t)x+ta2+b)dt,
0
1
Iy = /taf’ (1—t)2 +t(a+b—x))dt
0
and

1
I4:/(1—t)o‘f’((1—t)(a+b—x)+tb)dt.
0

Integrating by parts I, then using the change of variable, we get

1
t=1

ho= er-arm)] ] - [ - na )
0

— Lt @) - e [ @@ () du

a

= el (@) = e D@+ D I f(a). (2.3)
Similarly, we have
b= gl @)+ () Dot D I3 F(250), (2.4)
Iy = et fatb—2) — () T+ ) IG,, L F(5) (2.5)
and
Ii=—flatb—a) + obam D (@t DI, 0 f(D). (2.6)

Using (2.3)-(2.6]) in (2.2), and then multiplying the resulting equality by ﬁ, we get the desired result. O

Theorem 2.2. Let f : [a,b] — R be differentiable mapping on |a,b] with a < b, such that f' € L' [a,b]. If

|f'| is convex, then for all x € (a, CLTH’) the following fractional inequality holds

A% (a,z,0; f)]
—a)® T—a o+l / / a+b—2zx atl, ., a
< it ()" (r @I+ 17 o) +2(525) " 17 (3]
a+1 a+1
wan ()" (522) ™) (@l 417 o) )
where A* (a,z,b; f) is defined by (2.1).
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Proof. From Lemma properties of modulus and convexity of |f’|, we have

A% (a,z,b; f)]

« r—a Oé+ 1&
< 0-o | (£2) /t /(1= t)a + tz)| dt

0

a+b 2:): atl

(L=t)*|f (1 —t)z+t2)|at

a+b 2:2 atl

| (1—t) 2 +t(a+b—a))|dt

1
y
1
"
1
oz+1
+<fg— /1—t 1/ (1=t)(a+b—=x) +tbdt>
0

1
(b—a)® ((w)a“/a( (1L—t) |f (@) +t|f (z)]) dt

a+1

1

a+b2x /l—t (A=t |f (@) +t|f (F2)]) dt
X
0

IN

a+b 2x atl

(A=) [f ()| +t]f (a+b—2)|) dt

1

a“/ (1—1)° 1t)f’(a+bx)+t}f’(b))dt)
0
= (b—a) ((g)a+1 y]ta (1—t)dt+ (b;)a+1 |]ta+1dt
0 0

1 1
+b—2 +1 +b—2
+<a2(b aw }/ CV dt+ a(b a)a: |/t1_t
0 0

@‘
|

1
a+l a+1
+(523)" 1 e [ a-ode (5E5) I @ro—o) et
0

1 1

+ (2 a+1}f’(a+b—x)] (1—t)a“dt+ % (1—1)" )
(=) / =) o

— it ()™ 1r @1+ 17 o) + 2 (58 3;6)““>f (252

e ((2)7 + (582)") (7 @I+ 17 @ o-a)).

The proof is completed.

8
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Corollary 2.3. In Theorem[2.3, if we take o = 1, we obtain

f(:z:)Jrf (a+b—z) /f

el (£ (@) + ] 7' ( b!>+<“:;%if | (<52)]
Az et =207 (| ()| + |f (@ + b —2)]) -

IN

Remark 2.4. Corollary [2.3| will be reduced to Theorem 1 from [I5], if we choose 2 = 342,
1

Corollary 2.5. In Theorem if we use the convexity of | f'| i.e.‘f’ (GTH’)| < w, we get

A (a, z,b; )]

20+l (g )T 4 (a4-b—22)* !
- 20+l (a+1)(a+2)(b—a)

(| (@] + @+ 1)|f @]+ @+ D) |f (a+b—2)]+|f ()]).

Corollary 2.6. In Corollary [2.5, if we take a = 1, we obtain

f(:p)Jrf (a+b—x) /f

< HeefHe Bl (11 @)+ 21 @)+ 217 @t b -2+ | B)]).

Corollary 2.7. In Theorem if we use the convexity of | f'| i.e.‘f’ (“TH’” < ‘f/(x)‘ﬂf?/(ﬁb_x)', we get
[A% (a, 2, b; f)|

a+1

< arveksne (F @]+ |f b\)

atl(y z—a)* T4 (a a x)
+ 2 *12)&“(;“)@&5%2} ;Sb : (‘f )|+ |f (a+b—z)]).

Remark 2.8. Corollary [2.7| will be reduced to Theorem 5 from [I], if we take o = 1.

Theorem 2.9. Let f : [a,b] — R be differentiable mapping on [a,b] with a < b, such that f' € L' [a,b]. If
|f'|? is convex where q > 1 with %4— é =1, then for all x € (a, a‘{b) the following fractional inequality holds

A (a, z,b; )]

1
1 \7 [ (z—a)**! If(a)|q+\f(w)|q q | (a+b— w)|q+\f(b)\
< ()" (22 (( ) ( )')
1 1
(a-+b—20)+1 <<|f (w)|q+|f >q < atb)|? +|f (a+b— x)|Q> ))
+ 2a+1(b—a) .

where A (a, x,b; f) is defined by (2.1)).
Proof. From Lemma properties of modulus and Hélder’s inequality, we have

|A (a, 2, b; f)]

< (b—a) (g)aﬂ /t”adt /}f t)a+tx)|"dt

—_
3=
Q
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S =

1 1 é
+ (“;(;’_—j;f)aﬂ (/(1 — )P d,t) (/ 7 (1-t)= +t“2+b)th)
0

0
1 1
) 1 » /1 7
o+
+<°§(§’—;f§f) (/tmdt> (/f’((lt)‘g“’+t(a+bx))|th)
0 0
1 1
. 1 1 7
a—f—
b; (/1tp"‘ ) </|f’((1t)(a+ba:)+tb)|th)
0 0
Since | f’|? is convex, we have
A% (a, 2, b; f)]
) 1 1 %
P z—a)*T1
< (o) | = (f’(a)q/(lt)dt+f’(:):)q/tdt>
0 0
1
1 1 q
a 1
i (1o [l e fu)
0 0
1
1 1 q
a+1
+(“2i’ilf§)a; ( \q/ (1—t)ydt+|f (a+b—x) q/tdt)
0 0
1 1
+(”"“(f a+b—x|q/ (L—t)ydt+|f (b q/tdt)
0 0

7 z—a)*T! "(a)|T+|f ()T @ "(a+b—z)|T4|f" (b)|? i
_ (p;ﬂ)p(( o) <(|f()| 117/ (z) >q+(|f( )70 )>
1 1
(atb—20)° 1 [ (1P @I+ (F)] 1)+ (atb—a)|” | @
+ 2a+1(b_a) 2 + 2 .

The proof is completed.

Corollary 2.10. In Theorem[2.9, if we take o = 1, we obtain

f(at)—l—f (a+b—x) /f
1 1 1
p [ (z—a F @)+ f (@)« ' (a+b—2)|7+|f' (b)) @
< (,ﬁ)p((b_a) <(| @I @Y7 (L b 0) )>
1 1
atb=20)> [ (I @IS ()T (17 E)| S (b)) @
+ (ot (( COR IR |

Remark 2.11. Corollary will be reduced to Theorem 2 from [I5], if we choose z = 3aT+b.

Corollary 2.12. In Theorem if we use the convexity of | f’| i.e.}f’ (“TH’) ’q < |f’(x)|q+|f2’(a+b—x)|q,

A% (a,z,b; f)]
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3 z—a)®t! "(a)|T+| f (z)|? G "(a4+b—2x)|T+|f/(b)|? i
< (29)" (( o) <<|f<>| ArEtye y (Iesbol'slr0) ))
a+b—2z)*T1 31 ()| 94| f (a+b—z)|? : 1 (x)|2+3|f (a+b—x)|? H

P ((| 'l esbonl?) s (I et 1))

Corollary 2.13. In Corollary[2.13, if we take o = 1, we obtain

f(2)+f(atb—z) a+b @) /f
< (pil); ((rb—_z) <(|f’(a)|q'£f'($)|q)‘11+(|f’(a+b—w%lq+f’(b)q>tlz>

1 1
a+b—2x)? 3l (@) 94| f (a+b—x)|? | @ £ (@)|?+3]f (a+b—x)|? \ ¢
4 (o) <<| sl b)) (L >|)q)>.

Corollary 2.14. In Corollary if we use the discrete power mean inequality i.e. a” +b" < 217" (a 4+ b)"
for all a,b>0 and 0 <r <1 (see [{|]), we obtain

A (a,z, b; f)]

< (p;H); <<xba>:+1 <(|f’(a>|q§f’(a:>|0>3 " (If’(a+bx%|q+f’(b)“);>

a+b—22)TL (| (2)|2+|f (a+b—z)|9
S (I >|>>‘

2% (b—a)
Remark 2.15. Corollary will be reduced to Theorem 6 from [I], if we take o = 1.

Theorem 2.16. Let f : [a,b] — R be differentiable mapping on [a,b] with a < b, such that f' € L' [a,b]. If

|f'|* is convex where ¢ > 1, then for all x € (a, ‘IT‘H’) the following fractional inequality holds

A (a, 2, b; f)]
(z=a)**! <<|f’<a>|4+<a+1>f'<x>q)3 N (<a+1>f’(a+b—x>|q+|f'(b>|4>$>

S [ at2 at2

(a+b—2z)*T1
+ 5 (o 1y (=a)

1 1
9 ((mﬂ)f'(””\f'(a#)!")q i (LR e )
a+2 a+2 :

where A (a, x,b; f) is defined by (2.1)) and x € ( “+b).

Proof. From Lemma properties of modulus and power mean inequality, we have

A (a, 2, b; f)]
1 -4 /1 3
< (b-a) (g)aﬂ /tadt /tayf (1 —t)a+tx)|"dt
0 0
1 -2 /4 1
+ /(l—t)adt /(1—t)a]f’((1—t)(a+b—x)+tb)]th
0 0
a+1 ; i :
+<“;(L§_‘j§c) /tadt /t“}f (1—t)2 +t(a+b—a))|"dt

0 0
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1 =7 /1 z
+(/1t ) </<1t)“f’(<1t>w+t‘?b)th)

0 0

Since |f’|? is convex, we have

A% (a,z,b; )]
- ()

<
1
| 1 1 q
a+
X (%) (f’(a)|q/ta(1t)dt+f’(x)|q/ta+1dt
0 0
1
1 1 q
+ (}f’(a+bx)q/(1t)a+1dt+f’(b)q/t(1t)adt
0 0
1
i 1 1 q
+ () ( Dl [a-nta | () /t(lwadt>
0 0
1
1 1 q
- (}f’(“‘gb)q/t“(lt)dt+f’(a+bx)|q/ta+1dt)
0 0
1 1
_  _(@—a)*™! Lf" (@) + (et D f (@) |« (et D f (a+b=2)[T+]f'(B)|7 | @
= a0 (( at2 )q +( a2 ) >
(a+b—2z)*T?
T ar)6-a)
1 1
(D) £/ (@) 7+] £ (452)]" | 7 |#/ (482" +(a+1)|f (a+b—z)|7 | @
X a+2 + a+2 :
The proof is completed. O

Corollary 2.17. In Theorem|2.16], if we take o = 1, we obtain

f(w)—i—f atb—zx) /f

1
T—a 942 2| f" (a+b—2)|7+|f (b)|? \ ¢
< o <<|f()| 3|f()|> 4 (Ulestos) f())q>

1 1
+(a+b72:p)2 <<2|f’(x)|q+|f’(“2“’)|q>q n (If’(‘g“’)|q+2|f’(a+bx)|<I>q>
8(—a) 3 3 :

Remark 2.18. Corollary will be reduced to Theorem 3 from [I5], if we choose z = 3“T+b.

Corollary 2.19. In Theorem [2.16, if we use the convezity of |f'| i.e.|f (<2)|? < ‘f/(x”qﬂf/(ﬁb*x)'q,
2 2

get

we

|A (a, 2, b; f)]

1 1
(z—a)**! lf"(@)|[*+(e4+DIf'(@)[" ) (atD|f(at+b=2)|"+|f'(®)|? |
S ro-a << at2 ) +( at2 ) >
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(atb—2z)* ! (2a43)|f" ()| +|f (a+b—x)|
RIDTE ey oy (( 2(at2) )

Corollary 2.20. In Corollary[2.19, if we take o = 1, we obtain

(\f( >q+<2a+3)|f’(a+b—z>Q)§>
2(a+2) :

f(z)—i—f (a+b-z) /f

1 1
T—a "(@)|T+2]f (x)]|T\ ¢ 2| f"(a+b—2)|7+|f (B)|? \ ¢
(e <(|f<)|+3|f()| )7 4 (ALlettarelro) )>

| (atb20)? ((5|f( D" +1f (atb-a)l ) ¥ (e >|q+5|é'<a+b—x)|Q>§>‘

IN

8(b—a)
Corollary 2.21. In Corollary[2.19, if we use the discrete power mean inequality, we obtain
A% (a,z,b; f)]

1 1
(z—a)**! 1f" (@) +(a+1)|f" ()| \ (at+D)|f" (atb—2)|"+[f'(B)|? | «
= (a+1)(b—a) (( a+2 )q + ( at2 >q)

(a+b—22)* " (| f/(@)|"+|f' (a+b—2)|? | @
t et D) < 3 ) :

Corollary 2.22. In Corollary if we take o = 1, we obtain

[

f(x)—l—f (at+b-z) /f

1
T—a 942 2| (a+b—x)|2+|f (B)|? ) ¢
<! )<(|f<)|+3|f()|) b (e 3>|+f(>)q>

= 2(b—a)

1
a+b—22)% [ |f (@)|9+|f (a+b—2)|7\ @
4 4(b—a)) <| (z)] \2( )l )q

3. Applications

Let T be the partition of the points a = zp < x1 < ... < &, = b of the interval [a, ], and consider the
quadrature formula

b
/f(U)dusz,THR(f,T),

where

AL T) = ‘ (xi+12—xi) (f (5x +x1+1> 4 f <x1+5x1+1))

and R (f,T) denotes the associated approximation error.

N
Il
o

Proposition 3.1. Let n € N and f : [a,b] = R be a differentiable function on (a,b) with 0 < a < b and f’
€ L' [a,b]. If |f'| is convex function, we have

| < 25 x1+1 xz

(f (z:)|+10
X

(e

7 (Ti+;z‘+1 ) ‘+10

f’(””i*i”“)!+|f/<xi+1>>
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Proof. Applying Corollary E with z = Sxﬁ# on the subintervals [z;, z;+1] (i =0,1,...,n — 1) of the
partition T, we get

5ty @ +5241 Tit1
f( 6 );f( 6 )_ lel_xi /f(u) du (3.1)
T
o Blepyomy [1E@010] (P ) sl (5 ) ol (B ) [ (i)
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Multiplying both sides of (3.1]) by (z;+1 — z;), then adding the resulting inequalities for all i = 0,1,...,n — 1,
and using the triangle inequality, we get the desired result. O

3.1. Application to special means

For arbitrary real numbers a, b, a1, as, ..., a, we have:
The Arithmetic mean: A (ay,as,...,a,)

_ aitas+..+an

n
1

The p-Logarithmic mean: L, (a,b) = (M> ;, a,b>0,a # b and p € R\{—1,0}.

(p+1)(b—a)

Proposition 3.2. Let a,b € R with 0 < a < b, then we have

Proof. The assertion follows from Corollary with z = Z“TH’ and g > 2, applied to the function f ()

x2.

’A2 (a,a,b) + A% (a,b,b) — 2L3 (a, b)|
1 1 1
2a+b\9 \ ¢ a+2b\9 q 2a+b\4q a+2b\4q q
< b;a 2<aq+2(33)>q+2<2( 33)+bq>q+<(3)';(3)>q

O
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